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Description

[0001] This application claims the benefit of United States Provisional Patent Application serial No. 60/606,342, filed
September 1, 2004 and entitled "Power Control System for Multiple Electrical Loads".

FIELD OF THE INVENTION

[0002] The present invention relates generally to systems and methods for stabilizing the power and/or current con-
sumption of multiple loads and/or balancing the three-phase current of three-phase loads, where the loads draw energy
from the same source.

BACKGROUND OF THE INVENTION

[0003] There are certain contexts in which power or current control and current unbalance compensation are desirable
to mitigate the inefficiencies and potential damage that can result from fluctuating power or current demands and un-
balances. For example, in the case of alternating current (AC) Electric Arc Furnace (EAF) loads, electric arcs are created
among a number of electrodes and the material in the furnace in order to heat, melt or smelt metals, ore or other materials.
These arcs behave as time varying and mostly resistive impedances. Variations in arc resistance cause related variations
in the power and current drawn by the furnace. The relationships between arc resistance, power and current are shown
graphically in Figure 1A.
[0004] In Figure 1A, Curve A shows variations in arc resistance from low values (a short circuit) to high values (a loss
of arc). An exemplary operating resistance and current point is marked with a dot on Curve A. Curve B of Figure 1A
shows the power drawn by the arc versus the arc current for the corresponding arc resistance variations. An exemplary
power and current operating point is also marked with a dot on Curve B. The power or current fluctuations resulting from
arc resistance variations affect the power supply system and cause frequency and voltage disturbances, which may
negatively impact the operation of the power supply, and other furnace loads connected to the same power supply. For
example, a sudden and large power upswing in the arc furnace may trigger a load shedding relay or a generator under-
frequency relay to trip, resulting in a total loss of power to the arc furnace and leading to potentially substantial economic
loss from the loss of productivity. Additionally, the voltage fluctuations at certain frequencies may cause light flicker.
[0005] Another problem also arises when an AC EAF is connected as a three-phase load to a three-phase power
supply. As the arc resistances in the furnace may not always be equal amongst the three phases, the current may be
unbalanced between the phases. Unbalanced currents can in turn cause voltage unbalances, which can affect the
operation of other loads, such as electric motors, for example, connected to the same power supply. If the current
unbalance exceeds the unbalanced current limit of the supply system generators, the unbalance may cause relays within
the power system to trip, resulting in a loss of power to the furnace.
[0006] Traditionally, EAF operations have been controlled by electrode positioning systems to operate at a desired
set-point of power, current or impedance. The electrode positioning systems generally rely on moving mechanical parts
and typically lack the speed and flexibility to respond adequately to fast resistance changes.
[0007] To reduce the amount of resistance fluctuations, one or more series reactors may be added to the furnace
power supply. The series reactors force the EAF to operate at a lower power factor and therefore allow more stable
arcing. However, the reactors alone may be inadequate to obtain the desired level of power stability. Additionally, reactors
alone are not an effective means of current unbalance reduction. This is because their reactance values may not change
as quickly as the speed at which the arc resistance changes.
[0008] Some attempts have been made to temper the effect of power fluctuations in electric arc furnace installations.
For example, U.S. Patent No. 6,603,795 to Ma et al., the entire contents of which is hereby incorporated by reference,
describes a system for stabilizing the power consumption in an electric arc furnace by using variable reactor control and
electrode height regulation to reduce active power fluctuations. The system monitors the operating characteristics of the
furnace, such as the electrode impedance, and makes corresponding adjustments to the variable reactance. The reac-
tance in the circuit may be controlled by adjusting the firing angle of a set of thyristors that couple a reactor to the circuit.
[0009] Figure 2 shows a diagram of a simplified circuit 10 of an electric arc furnace in accordance with Ma et al. The
circuit 10 shows a line voltage 12, arc impedance 14, a fixed circuit reactance 16, and a variable reactance 18. The arc
impedance 14 includes an arc reactance Xarc and an arc resistance Rarc. The fixed circuit reactance 16 may include the
reactance of the furnace transformer and any power cables, conductors, and bus work between the supply system and
the electrode, where that reactance can be considered constant as compared to the arc impedance 14.
[0010] The power control system described in Ma et al. varies the reactive impedance of the electrodes of an electric
arc furnace and the power supply line in response to measured characteristics of the furnace. The system monitors the
voltage and current drawn by an electrode in the electrode arc furnace and determines the electrode impedance. Based
upon the electrode impedance, the power control system adjusts the reactive impedance to minimize power consumption
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fluctuations of the arc furnace, as seen by the power supply. It does this by adjusting a variable reactance. The response
time associated with this control system is in the order of about one electrical cycle, providing for a relatively fast response.
[0011] Ma et al. also describe an electrode position controller that controls an electrode positioning system to adjust
the electrode height based upon measured characteristics of the electrode. For example, the electrode position controller
may monitor the electrode impedance by monitoring the voltage and current characteristics for the furnace and may
regulate the electrode height to minimize power fluctuations due to changes in the electrode impedance. The response
time of this control system is relatively slow, being in the order of several seconds.
[0012] The system described in U.S. Patent No. 6,603,795 to Ma et al. is generally able to minimize the power swings
and maintain a desired set point for a single furnace. However, the system has a limited capacity to minimize larger
phase or electrode power dips under a particular threshold. Moreover, the system is not designed to minimize load
unbalances amongst three electrical phases.
[0013] Figure 1B illustrates the limitation of the system described in U.S. Patent No. 6,603,795 to Ma et al. in minimizing
larger phase or electrode power dips under a particular threshold. Curve C in Figure 1B shows the required variable
reactance in order to compensate for the variation in the load resistance in meeting the specific power set-point. Curve
D shows the amount of variable reactance that is obtained, taking into account the practical size limits of the variable
reactor. The required reactance and current at the desired operating points are also marked. Curve E shows the power
drawn by the arc furnace versus the current drawn for the corresponding arc resistance variations when the variable
reactance of Curve C is inserted in the circuit. The resulting operating point power and current are also marked.
[0014] As illustrated in Figure 1B, if the electrode current I drops below a critical value Icritical (for example, when the
arc is extinguished under one electrode), the circuit 10 will be unable to maintain the power at a fixed level and the power
will drop below the power set point. The critical value Icritical coincides with the variable reactance 18 being reduced to
its minimum value. There may also be a maximum variable reactance setting that limits the ability of the circuit 10 to
maintain the power at the set point if the current rises above a maximum current value, Imax.
[0015] Another difficulty arises with 3-electrode furnaces connected to a 3-phase supply. In such a configuration, the
sum of the instantaneous values of the electrode currents has to be zero at any given time. Therefore, a change of arc
impedance or variable reactance in one phase causes a change in current, not only in the phase experiencing the
impedance change, but also in all remaining phases.
[0016] In some instances, the furnace geometry and feed material distribution is not quite symmetrical. Therefore,
even with stable furnace power, the heat distribution in the furnace may be uneven. As a result, the temperature profile
inside the furnace or around the furnace sidewalls may become unsymmetrical, leading to undesirable relatively hot or
cold spots.
[0017] It is desired to address or ameliorate one or more of the shortcomings or disadvantages associated with previous
control systems and methods for controlling power and/or current in electrical furnaces, or to at least provide a useful
alternative thereto.
European Patent Application EP 0 214 661 A2, titled Reactive Power Compensation Apparatus, relates to a reactive
power compensation apparatus for compensating reactive power generated by a load connected to an AC power supply
system. The application teaches generating current commands to control the reactive power compensation apparatus,
where the current commands are based on separately detecting in-phase and opposite phase components in the load
current.

SUMMARY OF THE INVENTION

[0018] According to an aspect of the present invention, there is provided a control system for controlling a multi-phase
electric furnace coupled to a multi-phase power supply comprising the features of claim 1.
[0019] According to another aspect of the present invention, there is provided a method of controlling a multi-phase
electric furnace comprising the features of claim 11.
[0020] Aspects of the invention relate generally to power and/or current conditioning in controlling multi-phase electric
furnaces or other loads. Certain aspects relate to systems and methods for controlling unbalance or maintaining set-
points in a furnace. The power and/or current demands of the furnace may be compensated to mitigate the effects of
fluctuating or unbalanced load currents upon the power supply system. According to some aspects, all phase reactances
are updated in response to a change in only one operating characteristic. Other aspects achieve unequal set-points
among the phases, thereby allowing compensation for uneven feed material or furnace geometry.
[0021] In one aspect, the invention relates to a control system for controlling a multi-phase electric furnace coupled
to a multi-phase power supply. The control system comprises a variable reactor coupled between each phase of the
multi-phase electric furnace and the respective phase of the multi-phase power supply. The control system also comprises
monitoring means and control means. The monitoring means is coupled to each variable reactor for monitoring an
operating characteristic of each phase of the electric furnace and for determining whether the operating characteristic
of at least one phase deviates from a respective set-point. The control means is coupled to each variable reactor and
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the monitoring means and sets a value of each variable reactor according to the set-point of the phase to which it is
coupled. The control means is configured to set the value of each variable reactor to achieve a respective set-point
based on the operating characteristic on all phases in response to determination by the monitoring means that the
operating characteristic of at least one phase deviates from the respective set-point.
[0022] In a further aspect, the invention relates to a method of controlling a multi-phase electric furnace, each phase
being coupled to a multi-phase supply through an associated variable reactor and having a set-point. The method
comprises the steps of: monitoring an operating characteristic and a value of the variable reactor for each phase;
determining that the operating characteristic of at least one of the phases deviates from the respective set-point; and
adjusting the values of the variable reactors when it is determined that the operating characteristic deviates from the
set-point, based on the operating characteristics of all phases.
[0023] In a further aspect, the invention relates to a control system for controlling unbalance of a multi-phase electric
furnace, each phase being coupled to a power supply. The control system comprising a variable reactor associated with
each of the phases, each variable reactor being coupled between its associated load and the power supply The control
system also comprises control means coupled to each variable reactor. The control means including an unbalance
determination component for monitoring an operating characteristic of each phase and for determining an unbalance
value for the multi-phase electric furnace, and a reactance adjustment component responsive to the unbalance deter-
mination component for controlling the variable reactors based upon the operating characteristics on all phases to
maintain a predetermined degree of unbalance.
[0024] In a further aspect, the invention relates to a method of controlling a multi-phase electric furnace, each phase
being coupled to a power supply through an associated variable reactor. The method comprises the steps of: monitoring
an operating characteristic of each phase; determining an unbalance value for the multi-phase electric furnace load;
and controlling the variable reactors based on the unbalance value and the operating characteristics on all phases to
maintain a predetermined degree of unbalance.
[0025] In a further aspect, the invention relates to a control system for controlling unbalance in one or more three-
phase loads, the three-phase loads being coupled to a three-phase power supply. The control system comprises a
variable reactor associated with each phase, a variable reactance control system associated with each variable reactor
and a central control system coupled to each variable reactance control system. Each variable reactor is coupled between
the three-phase load and an associated phase of the power supply. The variable reactance control system monitors an
operating characteristic of its associated phase and sets a value of the respective variable reactor in response to the
operating characteristic so as to maintain a set-point. The central control system includes a detection component and
an override component. The detection component measures an unbalance value for the three-phase load and determines
whether the value of the variable reactor has reached a threshold value. The override component is responsive to the
detection component for outputting a control signal to the variable reactance control systems. The variable reactance
control systems each include an interface for receiving the control signal, in response to which the variable reactance
control systems adjust the variable reactors.
[0026] In a further aspect, the invention relates to a method for controlling unbalance in one or more three-phase
loads, each three-phase load being coupled to a three-phase power supply. Each phase is coupled to the three-phase
load through an associated variable reactor and each associated variable reactor is coupled to a corresponding variable
reactance control system for monitoring an operating characteristic of the phase and for setting a value of the variable
reactor in response to the operating characteristic so as to maintain a set-point. A central control system is coupled to
the variable reactance control systems. The method comprises the steps of: at the central control system, calculating
an unbalance value for the three-phase load; determining whether the unbalance value exceeds a predetermined thresh-
old; outputting a control signal from the central control system to the variable reactance control systems if the unbalance
value exceeds the threshold; and on at least one of the phases, adjusting the associated variable reactor in response
to the control signal to reduce the unbalance value below the threshold.
[0027] In another aspect, the invention relates to a control system for controlling a multi-phase electric furnace, each
phase being coupled to a power supply. The control system comprises a variable reactor associated with each of the
phases and control means coupled to each variable reactor. Each variable reactor is coupled between its associated
load and the power supply. The control means comprises a monitoring component for monitoring an operating charac-
teristic of each phase, and a reactance adjustment component responsive to the monitoring component for controlling
the variable reactors based upon the operating characteristics on all phases to maintain a predetermined set-point on
each phase.
[0028] In another aspect, the invention relates to a method of controlling a multi-phase electric furnace, each phase
being coupled to a power supply through an associated variable reactor, the method comprising the steps of: monitoring
an operating characteristic of each phase; and controlling the variable reactors based on the operating characteristics
on all phases to maintain a set-point on each phase.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0029] Reference will now be made, by way of example, to the accompanying drawings, which show embodiments of
the present invention, and in which:

Figure 1A shows example graphs illustrating the relationship between arc resistance, current and power of an arcing
electrode in an arc furnace;

Figure 1B show example graphs illustrating the relationships between arc resistance, current, reactance and power
of an arcing electrode in an arc furnace using a variable reactor coupled to the electrodes.

Figure 2 shows a per-phase diagram of a simplified circuit of an electric arc furnace;

Figure 3 shows a diagram of a simplified circuit of multiple electric arc furnaces supplied by a 3-phase 3-wire power
system;

Figure 4 shows a per phase block diagram of a power control system in accordance with an embodiment of the
invention;

Figure 5 is a block diagram of part of a control system for one or more furnaces, according to an embodiment of the
invention;

Figure 6 is a block diagram of an example control system architecture that can be used with the control system of
Figure 5;

Figure 7 is a block diagram of a further example control system architecture that can be used with the control system
of Figure 5;

Figure 8 graphically shows an example of phasor diagrams of a first furnace under a loss of arc condition;

Figure 9 graphically shows an example of phasor diagrams of other furnaces compensating for the loss of arc
condition shown in Figure 8;

Figure 10 graphically shows an example of phasor diagrams of the total power draw of the furnaces represented in
Figures 8 and 9;

Figure 11 shows, in flowchart form, a method of stabilizing the power drawn by multiple loads;

Figure 12 shows, in flowchart form, a method of compensating for unbalance in multi-phase loads;

Figure 13 shows, in flowchart form, a method of regulating electrode position;

Figure 14 is a flowchart of a method of compensation according to one embodiment; and

Figure 15 is a flowchart of a method of generating a lookup table according to another embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0030] While the embodiments are described by way of specific example in relation to electric arc furnaces, the invention
is not limited in application to electric arc furnaces. Embodiments of the present invention may be applicable to any other
type of electrical load, including non-arcing electrodes, with a fluctuating active or reactive power or current demand or
any other type of 3-phase unbalanced loads, including those with a 3 or 4 wire supply.
[0031] While the embodiments described herein generally relate to three-phase, three-wire electric arc furnaces with
one electrode per phase, it should be understood that the invention is applicable to furnaces having only one electrode,
whether arcing or non-arcing and whether DC or AC, or other numbers of electrodes. In particular, the invention may
be applied to furnaces having two electrodes per phase of a multi-phase power supply. For example, the invention may
be applied to a three-phase furnace having six electrodes.
[0032] It should be understood that for every kind of electrical furnace configuration, it is necessary to provide a return
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path for the current passing through the electrode. This may be through the conductors of the three-phase power supply
or it may be through a dedicated conductor separate to the supply conductors. In the case of a one electrode furnace,
the return path of the current may be through a fixed conductive medium in electrical contact with the matte or molten metal.
[0033] This difficulty in maintaining the power set-point described in relation to Figure 1 also arises in the context of
three-phase loads, as will be explained with reference to Figure 3. Figure 3 shows a simplified circuit 20 for multiple
electric arc furnaces 22 (having respective power supply circuits F1, F2, ..., Fn). The line voltage is shown in three phases
12a, 12b, 12c. Each furnace includes three electric arc electrodes, A, B, and C (not shown) - one for each phase.
[0034] Each phase of each power supply circuit for the electric arc furnace includes a variable reactance 18 (shown
individually as XvarA1, XvarB1, XvarC1) and a fixed circuit reactance 16. Each phase also includes the arc impedance 14,
which is made up of the arc reactance (XarcA1, XareB1, XareC1) and the arc resistance (RarcA1, RarcB1, RarcC1) joined at
a common neutral point N. Since, in general, the source voltages, arc impedances 14 and variable reactances 18 are
not balanced among phases, the neutral point N is not necessarily at ground potential.
[0035] Arc impedance varies with time. For each furnace, variable reactance control system has two goals: the first
is to maintain the furnace power as close as possible to a set point value despite arc impedance variations; the second
is to minimize the furnace current unbalance despite arc impedance variations. Variations in one of the arc impedances
cause corresponding changes in all three currents Ia1, Ib1, Ic1, and in furnace power. The change in arc impedance
usually occurs on one or two of the phases, rather than all three together. Therefore, the variable reactance 18 for each
of the phases should be adjusted to compensate for the change in power in order to adjust the power and maintain the
power set point. However, there will be a limit to the extent to which this corrective action is effective and this limit
corresponds to the adjustable range of the variable reactances 18 (as illustrated by curve D in Figure 1 B). For example,
the power set-point may not be maintained in the case of extinguishment of one arc, as there is a limit on how much
variable reactances on each phase can be decreased to compensate for the loss of arc. Accordingly, this tends to cause
unbalance amongst the phases of an arc furnace.
[0036] To an extent, the unbalance within a furnace due to variations in the arc impedance 14 of a phase may be
compensated by adjusting the variable reactances 18 for each of the phases. Moreover, the goal of maintaining the
power set-point may be in conflict with the goal of maintaining phase balance. For example, fully balancing the phases
in the case of extinguishment of one arc may involve reducing the current of the other phases to zero, which would result
in an undesirable total power drop to zero.
[0037] The above examples highlight the need for two additional goals when more than one furnace is supplied from
a common power supply as shown in Figure 3: to maintain the overall power drawn by all furnaces as close as possible
to a set-point despite the variable reactance limits of each furnace; and to minimize the overall unbalance in current
drawn by the furnaces, despite the variable reactance limits of each furnace.
[0038] In the case of active power stabilization and unbalance compensation of 3-phase 3-wire loads, these four goals
or control objectives may be expressed using the following four formulas: 

where (Ia)+(Ib)+(Ic) = 0 and I2 is the negative sequence current.

[0039] The negative sequence current is a measure of current unbalance given by the following decomposition equa-
tion: 
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where a = -0.5+j0.866, I2 is the negative sequence current, Ia is the phase A current vector, Ib is the phase B current
vector, and Ic is the phase C current vector.
[0040] In one embodiment, the present invention applies the above four control objective equations in a priority order
as given above - i.e. the first two objectives are to maintain the power set-point for an individual furnace (Equation 1)
and to minimize the power unbalance within the individual furnace (Equation 2); and if these two conditions cannot be
met by making adjustments to the variable reactances 18 within the individual furnace, then adjustments are made to
the variable reactances 18 within other furnaces in order to meet the third and fourth conditions (Equations 3 and 4).
The third condition is that, irrespective of whether the individual furnace power set-points Psp are met, the overall summed
power should meet the total power set-point Ptoralsp. The fourth condition is that, irrespective of the state of current
unbalance |I2| within an individual furnace, the total overall unbalance for all furnaces combined should be minimized.
[0041] The foregoing conditions are not all necessary conditions. Some embodiments may only include some of these
conditions. In addition, the conditions may be in a different order of priority. For example, in one embodiment, the goal
of minimizing overall unbalance (Equation 4) may take precedence over the goal of maintaining the total power set-point
(Equation 3). Furthermore, the priority level of these conditions may change with time. This is because the negative
effects of unbalances on the power system are mostly heat-related and increase with time. However, the adverse effects
of power changes relate to the speed of the power change, and tend to be the greatest immediately after a sudden
power change. Therefore, maintaining the total active power set-point may have a higher priority immediately after a
large load change in order to minimize the impact on the frequency of the power supply. However, for a sustained load
change, minimizing overall unbalance becomes more important.
[0042] Although the foregoing expressions relate to maintaining the real (active) power set-point for each load, they
may be applied to maintaining other power set-points. For example, they may be applied to a system for maintaining an
imaginary (reactive) power set-point, an apparent power set-point, or a combination of powers like a power factor set-point.
[0043] The references herein to power stabilization, power set-points, and power measurements may equally apply
to current stabilization, current set-points, and current measurements. In other words, the control system 100 may provide
for current stabilization in the same manner that it provides for power stabilization.
[0044] In some embodiments, the current unbalance compensation may have a goal or condition of maintaining a
predetermined level of unbalance current rather than minimizing or eliminating unbalance current.
[0045] In some embodiments, loads associated with different phases may purposely have different power and/or
current set-points, meaning that the overall system has a certain controlled level of unbalance. Such unbalance may,
for example, be desirable in a furnace to provide more power and/or current to the electrode nearest the tap hole of the
furnace. This facilitates local heating of the bath in the tap hole area and, consequently, local reduction in the bath
viscosity and an improved ability to tap the liquid material from the furnace.
[0046] Reference is now made to Figure 4, which shows a block diagram of a power control system 100 in accordance
with one embodiment of the present invention. The power control system 100 includes two furnaces (loads), 101a and
101b. Only a single-phase embodiment is illustrated in the diagram for the sake of simplicity of description; however,
those of ordinary skill in the art will appreciate that the functions and operating principles of the single-phase control
described and illustrated may be extended to multi-phase systems. Additionatly, the power control system may be used
to control power to more than two furnaces.
[0047] For ease of reference in this description, where a reference is made to parts or functions indicated by reference
numerals having both-a and-b suffixes, the suffixes may be omitted. For example, "furnace 101" will be used to indicate
a reference to furnaces 101 a and 101b, unless otherwise indicated.
[0048] Each furnace 101 (each phase in the case of a three-phase embodiment) includes an electrode 112 coupled
to the secondary side of a furnace transformer 114. The primary side of the furnace transformer 114 is coupled to a
supply bus power source 110 through a fixed circuit reactance 116 and a variable reactor 118. Variable reactor 118 may
alternatively be placed on the secondary side of transformer 114.
[0049] In one embodiment, the variable reactor 118 includes an inductor 120 connected in parallel with a series
combination of an inductor 123 and a thyristor switch 122. Each thyristor switch 122 includes a pair of thyristors arranged
in opposite polarity to each other.
[0050] Each furnace (or phase) includes a variable reactor control system, which includes a first voltage transformer
130 for measuring the voltage on the supply side of the variable reactor 118, a second transformer 132 for measuring
the voltage on the furnace side of the variable reactor 118, a current transformer 134 for measuring the main current
flowing to the furnace transformer 114, and a reactor controller 128.
[0051] The reactor controller 128 receives information from the first and second voltage transformers 130, 132, the
current transformer 134, and a desired power set-point input 136. The reactor controller 128 controls the variable reactor
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118 based upon calculations performed using such information.
[0052] The reactor controller 128 may comprise a programmable device, such as a digital signal processor, a micro-
controller, a microprocessor, a personal computer, or an application specific integrated circuit (ASIC). The reactor con-
troller 128 may operate under stored program control comprising computer program instructions, the stored program
control implementing the functions and operations described herein and being stored in a memory element, such as
firmware. The suitable programming of the reactor controller 128 to implement the functions or operations described
herein will be within the understanding of one of ordinary skill in the art. Those of ordinary skill in the art will also appreciate
that the reactor controller 128 may be implemented using other combinations of hardware and/or software.
[0053] The reactor controller 128 controls the reactance of the variable reactor 118 by adjusting the firing angles of
thyristors 122, thereby increasing or decreasing the current through the inductor 123. Based on ongoing current and
voltage readings acquired from the first and second voltage transformers 130, 132, and the current transformer 134, the
reactor controller 128 gates the thyristors 122 to vary reactance in order to regulate power swings or unbalances in the
arc furnace 101 (about the desired power set-point 136) that result from arc impedance fluctuations.
[0054] Each furnace 101 (or phase) may further include an electrode position controller 148 that receives inputs from
a voltage transformer 158 and a current transformer 160 on the secondary side of the furnace transformer 114. The
electrode position controller 148 is operatively coupled to an electrode movement system 154 for adjusting the height
of the electrodes 112, and thus, the arc impedance. The electrode position controller 148 may therefore adjust the height
of the electrodes 112 in order to compensate for changes in the arc impedance. The response time of the electrode
positioning system is typically at least one order of magnitude slower than the variable reactance system.
[0055] A batch feed system 170 is coupled to each furnace 101 to supply new material to the furnace 101 to counter
the removal of processed material from the furnace 101. Each batch feed system 170 is controlled by a feed rate controller
172. The feed rate controller 172 regulates the supply of new material and has an output coupled to the electrode position
controller 148 through which it provides the electrode position controller 148 with a data signal corresponding to the feed
rate of new material. The electrode position controller 148 uses this data signal to anticipate changes to the arc impedance
or to compensate for changes in the arc impedance. For example, in anticipation of the introduction of new material to
one of the furnaces 101a, the electrode position controller 148a may initiate lowering of the electrode 112a.
[0056] The reactor controller 128a maintains the furnace power set-point level, despite the lowering of the electrode
112a and the consequent reduction in the arc impedance, by increasing the reactance of the variable reactor 118a and
thus preventing the power from exceeding the power set-point. The anticipating action of the electrode position controller
148 positions the electrodes 112a at such a height as to mitigate against new material entering the furnace breaking
the arc path. At the same time, the reactor controller 128 maintains the furnace power set-point through adjustments to
the variable reactor 118.
[0057] Upon completion of the feeding of new material into the furnace, the electrode 112 is raised toward its previous
position by the electrode position controller 148 and consequent adjustments are made by the reactor controller 128 to
ensure the furnace power set-point is maintained during movement of the electrode 112.
[0058] Referring also to Figure 13, there is shown, in flowchart form, a method 600 of regulating electrode position.
The method 600 begins in step 602, when the electrode position controller 148 receives a feed request signal from the
feed rate controller 172 indicating that new material is to be input to the furnace 101. The feed request signal may result
from a manual operator-initiated feed instruction, or may result from an automated feed instruction in the case of an
automated feed control system. Once the electrode position controller 148 receives the feed request signal it overrides
the electrode impedance setting in step 604 and initiates lowering of the electrode(s) 112 in step 606.
[0059] While the electrode(s) 112 is being lowered, in step 608 the reactor controller 128 maintains the power and/or
current set-point through adjustments to the variable reactor 118. In step 610, the electrode position controller 148
determines whether or not the electrode 112 has reached the desired position. It may make this decision on the basis
of electrode impedance and/or calculated arc length reaching a threshold value. The threshold value may correspond
to a height wherein the electrode 112 is in direct contact with the slag bath, thereby minimizing the possibility that new
material could break the arc path. It would typically take a few seconds for the electrode 112 to be lowered to such a level.
[0060] Once the electrode 112 has reached the desired height, then in step 612 the electrode position controller 148
sends an enable signal to the feed rate controller 172 to indicate that the feed rate controller 172 may now initiate the
introduction of new feed material to the furnace. Accordingly, in step 614, the feed system 170 begins to introduce new
material to the furnace 101.
[0061] The feed system 170 sends the electrode position controller a completion signal (not shown) in step 616 to
indicate the end of the feed process. In response to this signal, in step 618 the electrode position controller begins to
withdraw or raise the electrode. Again, while the height of the electrode 112 is being altered, the reactor controller 128
adjusts the value of the variable reactor 118 to maintain a power and/or current set-point in step 620. In step 622, the
electrode position controller 148 determines whether or not the electrode 112 has reached the desired height. This
determination may be based upon the electrode impedance, which may be compared with the electrode impedance set-
point that was temporarily overridden in step 604. Once the electrode impedance (or arc length or other measure)
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reaches the appropriate set-point, then in step 624, the electrode position controller 148 holds the electrode position
and returns to normal operation.
[0062] In the present embodiment, fluctuations in the arc impedance may be compensated through adjustment of the
variable reactor 118, adjustment of the electrode position, or both. It will also be appreciated that the adjustment of the
electrode position is a corrective action that typically requires more time than the adjustment of the variable reactor 118,
which can occur with each half cycle of the supply voltage. Accordingly, the variable reactance control system (i.e.
variable reactor 118 in combination with reactor controller 128) may respond more quickly to variations in arc impedance
than the electrode positioning system, allowing the electrode positioning system time to react to the variations.
[0063] The methods and systems described herein may be implemented using variable reactance control systems,
electrode positioning systems, or both, for the purpose of reacting to power and/or current fluctuations and/or controlling
unbalances. Although the following embodiments refer to use of a variable reactance control system for power and/or
current stabilization or unbalance compensation, the present invention is not limited to use of a variable reactance control
system. Other embodiments may employ an electrode positioning system alone or in combination with a variable reac-
tance control system.
[0064] Referring again to Figure 4, the power control system 100 further includes a central controller 200. The central
controller 200 is coupled to each furnace (or phase) to receive measurement data regarding the operating characteristics
of each furnace. For example, in one embodiment, the central controller 200 is coupled to each reactor controller 128,
and in particular to each current transformer 134 to receive current measurements for each furnace.
[0065] The central controller 200 includes further inputs coupled to each reactor controller 128 or specifically to each
first voltage transformer 130 to receive a measurement of the voltage on the supply side of the variable reactor 118 for
each furnace. In other words, the central controller 200 receives voltage and current measurements for each furnace
(or phase). The central controller 200 may receive the voltage and current measurements through direct coupling with
dedicated additional current and voltage transformers, the current and voltage transformers 134, 130 used in the variable
reactance control circuit, or indirectly from one or more output ports of the reactor controller 128. It will be appreciated
that there may be other arrangements by which the central controller 200 is provided with voltage and/or current meas-
urements for each of the furnaces (or phases).
[0066] The operating characteristics monitored by the central controller 200 includes the setting or value of each
variable reactor 118. This variable reactor setting is input to the central controller 200 from each reactor controller 128.
For example, each reactor controller 128 outputs its calculated reactance setting to the central controller 200.
[0067] The central controller 200 further includes an input for receiving a total power set-point value 208. The total
power set-point value 208 is calculated from the sum of the individual desired power set-point inputs 136 for each furnace.
Preferably, the central controller 200 receives the individual power set-point values 136 from each of the reactor controllers
128 and calculates the total power set-point value 208 by summing the received values.
[0068] The central controller 200 may comprise a digital signal processor, a microprocessor, microcontroller, or other
programmable device for executing a program stored in memory, e.g. firmware, to implement the functions described
herein. It will be appreciated that the functions of the central controller 200 may be implemented using a number of
different hardware and/or software configurations. The suitable programming of the central controller 200 will be within
the knowledge of those of ordinary skill in the art having regard to the present description.
[0069] The central controller 200 regulates the overall operation of all of the furnaces (and power on each phase for
each multi-phase furnace) in accordance with one or more of the conditions described above. Accordingly, the central
controller 200 includes a first output port 202 coupled to each reactor controller 128. The central controller 200 outputs
a first control signal through the first output port 202 thereby providing instructions to the reactor controller 128 for
adjusting the variable reactor 118. In one embodiment, the central controller 200 also includes a second output port 204
coupled to the electrode position controller 148. The central controller 200 outputs a second control signal through the
second output port 204, thereby providing instructions to the electrode position controller 148 for adjusting the electrode
height. The first and second control signals may comprise a value calculated by the central controller 200 to satisfy one
or more of the conditions. The value calculated by the central controller 200 will override the value calculated by the
reactor controller 128 for governing its control of the corresponding variable reactor 118.
[0070] In one embodiment, the central controller 200 stabilizes the power consumption of multiple three-phase loads,
so as to satisfy the first and/or third condition described above. The first condition (exemplified by Equation 1) requires
that the sum of the power drawn by each electrode of a furnace should equal a power set-point value for that furnace.
The third condition (exemplified by Equation 3) requires that the sum of the individual power consumption by all furnaces
should equal the total power set-point value for the whole system.
[0071] The central controller 200 monitors the operating characteristics for each of the furnaces (or phases) and
identifies whether a furnace (or phase) has been unable to compensate for a drop in power on an individual basis. For
example, a given three-phase furnace, A, may experience a drop in three-phase power and may attempt to compensate
using the variable reactors 118. The central controller 200 monitors the currents and the voltages and the setting of the
variable reactors 118 in furnace A.



EP 1 810 550 B1

10

5

10

15

20

25

30

35

40

45

50

55

[0072] If the setting of the variable reactors 118 reach a minimum or a maximum value, and the power drawn by
furnace A deviates from the furnace A power set-point PspA by more than a predetermined amount P, then the central
controller 200 will act to compensate for the deviation. The central controller 200 calculates the extent to which the power
drawn by furnace A falls short of (or becomes higher than) the desired power set-point PspA, and instructs the remaining
furnaces to increase or decrease their power draw by a certain amount to compensate for the power deviation in furnace A.
[0073] Similarly, for example, within a single three-phase furnace one phase may experience a drop or rise in power
and the central controller 200 may attempt to compensate using the variable reactor 118 associated with that phase. If
the variable reactor controller 128 for that phase is unable to compensate because the setting of variable reactor 118
reaches a maximum or minimum value and the power has not returned to its set-point, then the central controller 200
determines that the variable reactor controller 128 for that phase is unable to address the power change alone. Accord-
ingly, the central controller 200 may determine the amount by which the remaining phases must increase or decrease
their power draw to compensate for the shortfall or rise on one phase. It then issues control signals to instruct the variable
reactor controllers 128 on the other phases to adjust their power consumption through adjusting their power set-points,
and thus the reactance values of their variable reactors 118.
[0074] Referring also to Figure 11, there is shown a flowchart of a method 400 of stabilizing the power consumption
of at least two loads. The method 400 begins in step 402, wherein the central controller 200 monitors the operating
characteristics of the electrical loads in the furnaces. In particular, the central controller 200 monitors whether or not the
load is operating at the preset power set-point. It also monitors whether or not the value or setting of the variable reactor
of each load has reached a maximum or minimum setting. In step 404, the central controller determines whether or not
corrective action is required by assessing whether the power drawn by a load has deviated from a set-point. It also
assesses whether the variable reactor associated with the load (or in the case of a three phase load, any one of the
three variable reactors) has reached a maximum or minimum value. If these two conditions have occurred, then the
central controller recognizes that compensation is required to stabilize the power consumption and the method continues
to step 406. If these conditions do not exist, i.e. if the power drawn does not deviate from the set-point or the associated
variable reactor has not reached a maximum or minimum value, then the method returns to step 402 to continue monitoring
the situation.
[0075] It will be appreciated that the loads may be per phase loads within an individual three-phase furnace, or may
be three-phase loads associated with multiple furnaces. In the latter case, the central controller may receive individual
inputs for each phase within each furnace and may monitor variable reactors of each phase within each furnace.
[0076] In step 406, the central controller determines the extent to which it must take corrective action to maintain an
overall total power set-point. It calculates the difference between the measured power drawn and the overall total power
set-point. For example, if one of the loads has a power set-point of 70 MW and has dropped to an actual power draw of
50MW, and two other loads are drawing power at the power set-point of 70 MW, then there is a 20 MW shortfall.
[0077] In step 408, the central controller determines the power change required within the other furnaces (other than
the furnace experiencing difficulty) to compensate for the calculated difference. The central controller may employ a
number of rules or algorithms to determine the extent to which other loads should compensate for a power shortfall. In
some embodiments, the additional power draw required may be apportioned equally between the other furnaces. In
other embodiments, more complicated rules may apply for determining the relative apportionment of the additional power
draw required.
[0078] In one embodiment, the central controller may include a memory storing a look-up table. The look-up table may
specify, for particular power shortfalls associated with particular loads, the corresponding power increases that the other
loads are to implement. The central controller may further apply interpolation for values that fall between two entries in
the look-up table. The look-up table values may be partly based upon the thermal short term capability curve of the
power supply and the process for the particular furnace operating point.
[0079] Once the central controller 200 has determined the relative power increases required from the other loads to
compensate for the power shortfall, then in step 410 it issues power override commands to the variable reactor controllers
128 associated with the other loads. It may, for example, send a control signal specifying a new load-specific power set-
point. Alternatively, it may send a control signal specifying an increment by which the existing load-specific power set-
point should be increased. The power override command may also include an override duration. The override duration
may be a predetermined value stored at the central controller 200. The override duration may be dependent upon the
situation and may be specified by the look-up table.
[0080] Each of the variable reactor controllers 128 associated with the other loads receives its power override command
in step 412 and adjusts its load-specific power set-point accordingly. In step 414, the variable reactor controllers 128
react to the adjusted load-specific power set-point by determining a new value for their associated variable reactor 118.
Accordingly, the values of the variable reactors are changed and the power drawn by each of the other loads is varied
to meet the adjusted load-specific power set-points. The variable reactor controllers 128 maintain these adjusted load-
specific power set-points until the override duration expires.
[0081] In step 416, the variable reactor controllers 128 determine whether or not the override duration has expired. If
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so, then in step 418 they re-set their load-specific power set-points to remove the override component and return to
normal operation. The method 400 then returns to step 402, wherein the central controller 200 continues its monitoring
function.
[0082] In an alternative embodiment, at step 418 the central controller 200 reassesses the power consumption of the
loads and determines whether or not the problematic load has returned to normal operation, e.g. whether or not the
power deficiency problem has been resolved. If so, then it cancels the override commands and returns to step 402. If
not, then it may either extend the override period, modify the override commands in accordance with further instructions
in the look-up table, or cancel the override and alert an operator to the problem.
[0083] In another alternative embodiment, the control system 100 does not feature individual variable reactance control
systems 128 associated with each variable reactor 118. Rather, the central control system 200 directly controls each
variable reactor 118. For example, a three-phase load may have a variable reactor 118 for each phase and the control
system 100 may provide a central controller 200 coupled to each variable reactor 118 for monitoring operating charac-
teristics of each phase and managing corresponding adjustments to each variable reactor 118. Such an embodiment
may be implemented as a Y-configuration three-phase load, i.e. a load supplied via a 3-wire system with no neutral wire
connection.
[0084] Different set-points may apply to each phase of the three-phase load, resulting in a predetermined level of
unbalance. The interrelationship of the three loads leads to a system of equations that the central controller 200 solves
in order to determine adjustments necessary to all three variable reactors in order to address deviations from one or
more of the set-points. Changes in one variable reactor 118 affect the operating characteristics of all of the phases. To
adjust the characteristics of a phase so as to address deviation from a set-point, adjustments are made to all of the
variable reactors 118. The adjustment to each variable reactor is determined, taking into account the characteristics of
all phases.
[0085] In addition to, or as an alternative to, implementing a power stabilization function, the central controller 200
may implement an unbalance compensation function. The second condition set out above (Equation 2) states that the
unbalance within a three-phase load should be minimized. The fourth condition (Equation 4) states that the overall
unbalance within a multiple three-phase load system should be minimized.
[0086] Referring again to Figure 4, the central controller 200 monitors the extent of unbalance within one or more
three-phase loads. In the case of a single furnace having a three-phase load, the central controller 200 determines the
extent of unbalance within the three-phase load and provides corrective instructions to the variable reactor controllers
128 to minimize the unbalance. In the case of multiple furnaces each having three-phase loads, the central controller
200 determines whether the overall combination of the furnaces exhibits unbalance. It may assess whether the overall
unbalance is due to a significant unbalance within one of the furnaces and whether that furnace is unable to compensate.
It then provides corrective instructions to the remaining furnaces.
[0087] For example, in the case of a single furnace, the central controller 200 monitors the current in each phase and
determines the negative sequence current I2 for the furnace in accordance with Equation 5. If the calculation of negative
sequence current I2 indicates that the furnace is unbalanced, then the central controller 200 may determine corrective
action to minimize the unbalance. For example, it may conclude that the unbalance results from a low current measure-
ment in one of the phases and it may correct the unbalance by lowering the current in the other two phases. This would
result in reduced power draw and would need to be evaluated against the goal of maintaining a power set-point. The
central controller 200 may include a memory storing logic rules or a look-up table for resolving the appropriate corrective
action for a given situation.
[0088] To compensate for an unbalance situation, the central controller 200 outputs command signals to the variable
reactor controllers 128 and, in response, the variable reactor controllers 128 adjust the reactances of their associated
variable reactors 118. As described above, in one embodiment, the command signals may comprise an override power
set-point to be used in place of the normal power set-point for the load. In another embodiment, the command signal
may comprise an incremental power set-point increase or decrease. Other command signals may be used instead of a
set-point override signal, including specifying a current set-point or a variable reactor value or setting.
[0089] Referring also to Figure 5, central controller 200 is described in further detail. The function of central controller
200 is to monitor and control the variable reactors 118 and electrode position controllers 148 to ensure that each phase
within each furnace and each furnace itself is operating at its set-point. To this end, the central controller 200 commu-
nicates with the variable reactor controllers 128, either directly or via an intermediate controller (as described below) to
cause adjustments in the reactance values of the variable reactors 118.
[0090] Central controller 200, which may also be termed a compensation controller or overall controller because of
its monitoring and compensation functions, comprises a computer processor 220, which may comprise a single central
processing unit (CPU) or multiple processors. Computer processor 220 executes computer program instructions in the
form of software modules programmed to facilitate the monitoring and control functions described herein. The computer
program instructions executed by computer processor 220 are stored in memory 222 and accessed by computer proc-
essor 220 as necessary. Central controller 200 further comprises a database memory 226 accessible by the computer



EP 1 810 550 B1

12

5

10

15

20

25

30

35

40

45

50

55

processor 220 for storing look-up tables containing reactance values and/or thyristor gating angle values corresponding
to particular set-points. Database 226 may also contain historical and analytical data received by central controller 200
during operation of its monitoring and control functions.
[0091] Central controller 200 further comprises, or has associated therewith, a user interface 224 for allowing a furnace
operator to interface with the central controller 200. User interface 224 may be any form of standard user interface
equipment, including, for example, one or more displays, a keyboard and a cursor positioning device, such as a mouse.
Further, user interface 224 may comprise a network connection for distributed interfacing to central controller 220 from
a number of computer terminals connected to the network.
[0092] In the case of multiple furnaces, the central controller 200 may monitor the overall power or current unbalance
of the multiple three-phase loads and the setting of the positioning systems and variable reactors 118 for each three-
phase load. The central controller 200 may also or alternatively monitorfor significant power or current unbalance in any
one of the multiple three-phase loads. If an unbalance condition exists and one or more variable reactors 118 are at
their minimum or maximum settings, then corrective action by the central controller 200 may be required to compensate
for the inability of one furnace to achieve its set-point by adjusting the variable reactors and/or electrode positions of
another furnace according to a modified set-point.
[0093] In the case of multiple furnaces, each furnace may have its own ’central’ or ’intermediate’ level controller coupled
to the three variable reactor controllers 128 associated with the three phase load. The central controller 200 may then
communicate directly with the intermediate controllers. In other words, there may be a "nesting" of controllers. Alterna-
tively, the variable reactor controller 128 may control more than one variable reactor, as shown in Figure 6, and com-
municate directly with central controller 200. The variable reactor controllers 128 may thus act as a form intermediate
controller. The central controller 200 may also, or alternatively, communicate directly with the variable reactor controllers
128 for each phase, as shown in Figure 7.
[0094] To monitor the unbalance of each load, the central controller 200 may receive current measurements directly
through the current transformers 134. In another embodiment, the central controller 200 may obtain current measure-
ments from the per-phase variable reactor controllers 128. In yet another embodiment, the central controller 200 may
obtain current measurements from the intermediate controller for each furnace. In other embodiments, the central con-
troller 200 may receive the calculated unbalance condition of each three-phase furnace from its associated intermediate
controller.
[0095] In any event, the central controller 200 monitors overall unbalance and/or the unbalance of individual furnaces,
and monitors whether a variable reactor associated with one of the furnaces experiencing unbalance is at the end of its
range of settings or values. This indicates that the furnace is unable to compensate for the unbalance situation alone.
Accordingly, the central controller 200 attempts to compensate for the unbalance of one furnace by introducing offsetting
unbalance in one or more of the other furnaces. The central controller 200 monitors and compensates for unbalanced
power across all furnaces in the furnace system in this manner.
[0096] The central controller 200 determines the amount of negative sequence current I2 required to offset the negative
sequence current I2 associated with the unbalanced furnace. As explained above in connection with power stabilization,
the central controller 200 may utilize logic rules or algorithms to calculate the appropriate changes required from the
remaining furnaces to generate the offsetting negative sequence current I2. The central controller 200 may consult a
lookup table stored in memory 222 or database 226 at the central controller 200 to determine the reactance values
required to take the appropriate corrective action. The corrective action may include instructing the other furnaces to
increase or decrease power or current on one or more phases.
[0097] The command signal issued by the central controller 200 to the intermediate controller or to the variable reactor
controllers 128 may include override power or current set-points for particular phases, and may include an override
duration. In an embodiment wherein the central controller 200 sends its command signal to an intermediate controller
and the command signal specifies a particular negative sequence current I2 required from the furnace, then the inter-
mediate controller may store a look-up table setting out the variable reactance values associated with particular negative
sequence currents I2, power drawn, and arc impedances. Interpolation may be used to determine values between entries
in the table. The intermediate controller may then issue control signals to the per-phase variable reactor controllers 128
specifying the setting of their associated variable reactances 118.
[0098] Reference is now made to Figure 12, which shows a method 500 of compensating for unbalance in one or
more multi-phase loads. The method 500 begins in step 502, wherein the central controller 200 monitors operating
characteristics of the one or more loads/phases. In particular, the central controller 200 monitors whether or not the
loads/phases are unbalanced beyond a threshold. The threshold may be set to zero, meaning any unbalance will be
noted, but in practice the threshold may be set so as to allow for a small amount of unbalance without triggering com-
pensation. For example, the threshold may be set to about 10%. The central controller 200 may also monitor whether
or not the value or setting of the variable reactor 118 of any phase in the one or more loads has reached a maximum
or minimum setting.
[0099] In step 504, the central controller 200 determines whether or not corrective action is required by assessing
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whether the unbalance in the one or more loads exceeds a threshold. It may further identify the particular load that has
caused the overall unbalance - i.e. the unbalanced load. It also assesses whether the reactance of the variable reactor
118 associated with the unbalanced load has reached a maximum or minimum value. If these conditions have occurred,
then the central controller 200 recognizes that compensation is required to re-balance the power consumption and the
method continues to step 506. If these conditions do not exist, i.e. if the overall system is balanced or if the associated
variable reactor 118 has not reached a maximum or minimum value, then the method returns to step 502 to continue
monitoring the situation.
[0100] In step 506, the central controller 200 determines the extent to which it must take corrective action to compensate
for the detected unbalance. In a single multi-phase load embodiment, it determines the magnitude of the unbalance on
one phase and determines the adjustments that must be made to the other phases to compensate and balance the
system. In a multi-furnace embodiment, it determines the negative sequence current I2 for the unbalanced furnace so
as to identify the extent to which offsetting negative sequence current is required from the other loads so as to balance
the overall system.
[0101] In step 508, the central controller 200 determines the current and/or power changes required within the other
furnaces (other than the furnace experiencing difficulty) to compensate for the unbalance. For example, and as described
by way of example below in connection with Figures 4 to 6, in a multi-load scenario, the central controller 200 may
determine the negative sequence currents necessary on each phase to cancel the negative sequence currents attributable
to the unbalanced load. The central controller 200 may then allocate the required per-phase negative sequence currents
to each of the loads and calculate the per-phase adjustments required at each load to introduce sufficient unbalance to
produce the negative sequence current.
[0102] The central controller 200 may employ a number of rules or algorithms to determine how other loads can
compensate for unbalance. In some embodiments, the required unbalance may be apportioned equally between the
other furnaces. In other embodiments, more complicated rules may apply for determining the relative apportionment of
the unbalance required.
[0103] In one embodiment, the central controller 200 may store a look-up table in database 226 or memory 222. The
look-up table may specify, for particular unbalance conditions, the corresponding power and/or current adjustments on
each phase of the other loads to counteract the unbalance. The central controller 200 may further apply interpolation
for values that fall between two entries in the look-up table.
[0104] Once the central controller 200 has determined the relative power and/or adjustments required from each phase
in the other loads to compensate for the unbalance, then in step 510 it issues override commands to the variable reactor
controllers 128 associated with the other phases/loads. It may, for example, send a control signal specifying a new load-
specific power or current set-point. Alternatively, it may send a control signal specifying an increment by which the
existing load-specific power or current set-point should be increased. The override command may also include an override
duration. The override duration may be a predetermined value stored at the central controller 200. The override duration
may be dependent upon the situation and may be specified by the look-up table.
[0105] Each of the variable reactor controllers 128 associated with each phase on the other loads receives its override
command in step 512 and adjusts its operation accordingly. This may, for example, include adjusting a load-specific (or
phase-specific) power or current set-point. In step 514, the variable reactor controllers 128 adjust their associated variable
reactor 118 to comply with the override settings specified by the override command. Accordingly, the values of the
variable reactors 118 are changed and the power and/or current drawn by each of the other phases/loads is varied. The
variable reactor controllers 128 maintain the adjusted load-specific power and/or current set-points until the override
duration expires. In step 516, the variable reactor controllers 128 determine whether or not the override duration has
expired. If so, then in step 518 they re-set their load-specific power and/or current set-points to remove the override
component and return to normal operation. The method 500 then returns to step 502, wherein the central controller 200
continues its monitoring function.
[0106] In an alternative embodiment, at step 518 the central controller 200 reassesses the unbalance of the loads and
determines whether or not the problematic load has returned to normal operation, e.g. whether or not the unbalance
problem has been resolved. If so, then it cancels the override commands and returns to step 502. If not, then it may
either extend the override period, modify the override commands in accordance with further instructions in the look-up
table, or cancel the override and alert an operator to the problem.
[0107] In general, it is desired to keep the duration of the override relatively short, in order to let each furnace maintain
its own set-point, if possible. Also, increases in power set-points may be beyond the rated capacity of certain power
supply components and should be limited in duration so that the increased set-points do not exceed the overload capability
curve of the equipment. Such capability curves typically allow a larger short term capacity than the continuous rating,
without equipment damage. Thus, a shorter duration of the overload allows a higher set-point increase. For example, a
transformer overload curve may allow an increase of 200% over its rated value for a few seconds, but only 110% over
its rated value for durations of up to five minutes. The allowed override durations for each override magnitude may be
calculated and stored in a look-up table in database 226.
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[0108] A set-point override may end as a result of the duration expiring or correction of the deviation which gave rise
to the override. Once the override is ended, the set-point may be allowed to return to its original level. This return may
be allowed at a pre-determined rate, so as to ramp down gradually and avoid a large change in power values. For
example, the set-pint may be allowed to reduce or increase to its original level at a rate of about 1% per second.
[0109] In one embodiment of method 500, step 504 may also include monitoring a degree of deviation and time period
over which the deviation extends, for a given operating characteristic, such as power or current. For example, if the
monitored operating characteristic deviates from its set-point by more then a predetermined deviation (i.e. exceeds a
threshold), central controller 200 may determine that corrective action is required. The predetermined degree of deviation
may also be tied to an acceptable time period for the duration.
[0110] The degree and period of deviation permitted before the central controller 200 determines that corrective action
is required vary inversely in relation to each other. For example, the larger the degree of deviation, the shorter the allowed
time period for that deviation. Conversely, a small degree of deviation may be permitted to persist for a relatively long
period of time. For example, a deviation of 20% may only be permitted for a fraction of second before taking corrective
action, whereas a deviation of less than 5% may be permitted for many seconds or a few minutes.
[0111] According to the one embodiment, the cross-compensation among the furnaces may be performed as follows.
Central controller 200 monitors the number of furnaces in operation and monitors the set-point and actual power, current
and unbalance in each furnace. Central controller 200 determines if any of the operating characteristics of the furnaces
has deviated from its set-point by more then a predetermined amount and if the local variable reactance controller 128
has not corrected for the deviation. The central controller 200 may determine this by monitoring the variable reactor
settings of the relevant furnace to determine if the settings have hit a limit value, so that they are no longer adjustable.
Alternatively, the central controller 200 may monitor the period of time of the deviation. A deviation longer than, say, five
cycles may be an indication that the variable reactor controller has encountered an adjustment limit and is unable to
make further adjustments as required for the necessary compensation.
[0112] If the central controller determines that corrective action is required, it apportions the deviation to other operating
furnaces, based on the actual operating characteristic in those furnaces. Central controller 200 then issues a set-point
override command to the other furnaces and specifies a duration of the override. If a second set-point change becomes
required during the override duration, a further set-point override may be issued to the remaining furnaces that are within
a control range of the variable reactors associated with those furnaces. This is illustrated in Table 1 below, where the
furnace power of furnace F4 drops from 70 megawatts to 30 megawatts at time t0, followed by a power drop in furnace
F3 from 100 megawatts to 90 megawatts at time t1.

[0113] Reference is now made to Figures 8, 9, and 10 which graphically show phasor diagrams for an example
embodiment according to the present invention. In the example embodiment, the power control system 100 (Fig. 4)
includes four three-phase loads: Furnaces F1, F2, F3, and F4. The arc on phase A of Furnace F1 has been extinguished.
[0114] Figure 8, shows four phasor diagrams 250, 252, 254, 256 based on the current drawn by Furnace F1. The first
phasor diagram 250 shows the a-b-c current components of the three phases of the three-phase load, where one of the
phases has dropped out. In particular, the first phasor diagram 250 shows a phase B current component 258 and a
phase C current component 260. No phase A current component is visible due to the loss of arc on phase A.
[0115] A set of three-phase vectors may be decomposed into three sets of balanced vectors: the positive-sequence
set, the zero-sequence set and the negative-sequence set. All of the phasors within the positive-sequence set have the
same magnitude, as do all of the phasors within the negative-sequence set and the zero-sequence set. A perfectly
balanced system will have a positive-sequence set that matches the a-b-c current phasor diagram. An unbalanced
system will have a negative-sequence set and/or a zero sequence set with non-zero magnitude phasors. For a three-
wire system such as the one in the example, no zero-sequence current may flow, so the zero-sequence set for all
conditions may be have zero magnitude.

Table 1 - Power Comnensation Over Time

F4 furnace power drops from 70 to 30 followed by a F3 power drop from 100 to 90.

Furnace Power at Time t0 Power at Time t1 Power at Time t2

F1 40 40+(1/4*40)=50 50+1/2*10=55

F2 40 40+(1/4*40)=50 50+1/2*10=55

F3 80 80+(1/2*40)=100 90

F4 70 30 30

Total Power 230 230 230
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[0116] In Figure 8, the third phasor diagram 254 shows the positive-sequence set of phasors for the case where the
arc on phase A has been lost. The fourth phasor diagram 256 shows the negative-sequence set. The positive-sequence
set includes positive-sequence phasors for phaseA262, phase B 264, and phase C 266. Similarly, the negative-sequence
set includes negative-sequence phasors for phase A 268, phase B 270, and phase C 272. It will be noted that summing
the third phasor diagram 254 and the fourth phasor diagram 256 will result in the first phasor diagram 250, since the
positive-sequence phasor for phase A 262 will cancel the negative-sequence phasor for phase A 268.
[0117] The power control system 100 recognizes that the power has dropped in Furnace F1 and that the reactor
controller 128 (Fig. 4) for Furnace F1 has been unable to correct for the drop in power and the unbalance condition. The
overall power drawn by the four furnaces drops by the amount that Furnace F1 falls short of its power set-point and the
unbalance condition in Furnace F1 causes an overall unbalance condition in the power drawn by the four furnaces.
Accordingly, the power control system 100 instructs the reactor controllers 128 for Furnaces F2, F3, and F4 to adjust
the variable reactors 118 (Fig. 4) for Furnaces F2, F3, and F4, to increase the power drawn by those furnaces and
introduce a measure of phase unbalance to counteract the unbalance caused by Furnace F1.
[0118] Figure 9 shows four phasor diagrams 280, 282, 284, 286, based upon the current in Furnaces F2, F3 and F4,
after the reactor controllers 128 adjust the variable reactors 118. The first phase diagram 280 shows current phasors
for phase A 288, phase B 290, and phase C 292. The phasors 288, 290, 292 have different magnitudes and are not 120
degrees out of phase from each other - i.e. they are not balanced.
[0119] The third phasor diagram 284 shows the positive-sequence phasors for phase A 294, phase B 296, and phase
C, and the fourth phasor diagram 286 shows the negative-sequence phasors for phase A 300, phase B 302, and phase
C 304. The magnitude of the negative-sequence phasors 300, 302, 304 in the fourth phasor diagram 286 are indicative
of the amount of unbalance introduced to each of the Furnaces F2, F3, and F4 through adjustment of their variable
reactors 118.
[0120] Figure 10 shows four phasor diagrams 310, 312, 314, 316 for the overall sum of currents drawn by all four
Furnaces F1, F2, F3, and F4. It will be appreciated that the sum of currents is balanced, as indicated by the absence of
any negative-sequence phasors in the fourth phasor diagram 316 and by the match between the first phasor diagram
310 and the third phasor diagram 314.
[0121] The following two tables further illustrate the above-described example. The first table, Table 2, shows the
values of certain variables in the case where there is no power stabilization system. The second table, Table 3, shows
the values of those variables after adjustments by the power control system 100 (Fig. 4).

[0122] In Tables 2 and 3, the current on phase A of furnace F1 is zero in both cases and the first furnace, F1, is 100%
unbalanced. In both cases, the desired power set-point for each furnace is 70 MW with an overall total power-set-point
of 280 MW. In the case where there is no power stabilization, the three other furnaces F2, F3, and F4 are fully balanced
and operate at the power set-point of 70 MW. The overall result for the system in this case is a power drop of about 35
MW and an unbalance of over 14%.
[0123] In the second case, where the power control system 100 has caused adjustments to be made to the variable

Table 2 - no power stabilization or unbalance compensation
XvarA XvarB XvarC Psp P IA IB IC I1 I2 A I2/I1
Ohms Ohms Ohms MW MW A A A A A %

F1 3.9 3.9 3.9 70 35 0 1262 1262 729 729 100.0
F2 3.9 3.9 3.9 70 70 1458 1458 1458 1458 0 0.0
F3 3.9 3.9 3.9 70 70 1458 1458 1458 1458 0 0.0
F4 3.9 3.9 3.9 70 70 1458 1458 1458 1458 0 0.0
Total 280 245 5103 729 14.29

Table 3 - power stabilization and unbalance compensation

XvarA XvarB XvarC Psp P IA IB IC I1 I2 I2/I1
Ohms Ohms Ohms MW MW A A A A A %

F1 0 0 0 70 46 0 1443 1443 833 833 100.0
F2 0 6.8 0.5 70 78 1783 1431 1373 1516 269 17.74
F3 0 6.8 0.5 70 78 1783 1431 1373 1516 269 17.74
F4 0 6.8 0.5 70 78 1783 1431 1373 1516 269 17.74

Total 280 280 5371 49 0.91
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reactances 118 (Fig. 4) in Furnaces F2, F3, and F4, the overall power draw of the four furnaces is maintained at the
total power set-point of 280 MW by increasing the power drawn by furnaces F2, F3, and F4. It will be apparent from
Table 3 that adjustments have been made to the variable reactors 118 in furnaces F2, F3, and F4 so as to adjust the
current drawn by each phase of those furnaces, thereby increasing the power consumed and increasing the unbalance
in each furnace. The unbalance introduced to furnaces F2, F3, and F4 is approximately 17.74%, although the effect is
to reduce the overall phase unbalance seen by the power generator to less than 1%.
[0124] Although the variable reactor 118 has been shown as including a single pair of thyristor switches, it will be
appreciated that other configurations could be used for variable reactor 118, such as a multi-stage thyristor switch, for
example. Alternatively, other types of power switches could be used in the place of thyristors
[0125] Described below is a control method for a 3-phase, 3-wire furnace load to achieve 3-phase power stabilization
and unbalance minimization using independent control of in line variable reactances. If the source voltages are balanced,
3-phase power stabilization and unbalance current reduction will also result in unbalance power reduction as the (per-
phase powers become more equalized).
[0126] In order for the control method to be performed, the following pre-calculation method is done off-line and the
results are stored in a lookup table of database 226 for reference.

1. Consider a set of desired power set-points;

2. Consider a set of possible system impedances in different configurations (for instance, each change of furnace
transformer tap constitutes a change of system impedance);

3. Consider the known lower and upper bounds for the variable reactances;

4. Consider the expected range of the furnace load impedance in each phase;

5. For each power set-point and system configuration, and each set of load impedances, calculate the values for
variable reactance Xvar in each phase that meet equations 1 and 2, where each Xvar is within the range limited by
the upper and lower bounds;

6. If a feasible solution is not found in step 5 to meet the desired power set-point, set all Xvars to their upper or lower
bound value in order to meet the value closest to the desired power set-point without regards to the unbalance value.

7. Record the Xvar values obtained in 5 or 6 in a lookup table, according to impedance values.

8. Continue through the set of load impedances until the lookup table is completed.

9. Repeat steps 5-8 for all other desired set-points and system configurations.

10. If the variable reactance is obtained through application of thyristors, instead of, or in addition to, calculating the
Xvar, the amount of the thyristor gating angle corresponding to the Xvar value can be directly calculated and recorded.

[0127] Once the lookup tables are created, the following method is performed during furnace operation:

1. Measure furnace load impedance for each phase through measurement of load current and voltage

2. Obtain the desired power set-point

3. Obtain the information on system configuration

4. Find the appropriate Table corresponding to the desired power set-point and system configuration

5. For each load impedance value read the corresponding amount of Xvar’s from the lookup table. If the measured
load impedance value lies in between in the index values in the table, find the corresponding value of the Xvar
through interpolation.

6. Set the value of the variable reactors to the calculated value.

7. If the gating angles are stored in the lookup tables instead of the Xvar values, the values read are the gating
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angles. If not, the Xvar values are converted to gating angles.

[0128] Table 4 below shows an example of the application of the above method for 10 different cases of load impedance.
The goal is to maintain the power set-point of 54 MW and minimize the unbalance current in a furnace load supplied by
a 3-phase 3-wire system. These results can be compared with the cases shown in Table 5, where the goal did not involve
unbalance compensation and the Xvar values in 3 phases were equal to values required to maintain the 3-phase power
set-point. In this case the lower bound on Xvar is 0 and the unbalance current is equal to I2 (no zero sequence current
can flow).
[0129] In cases 1,2,4,5 and 7 in Table 4, the power set-point can be maintained, while the unbalance is reduced to
almost zero. In cases 3, 6 and 8, the power set-point can be maintained but the unbalance is not zero while still lower
than the case without unbalance compensation. This is because the lower bound is reached in Xvar on at least one of
the phases.
[0130] In cases 9 and 10 all Xvar values are set at zero to maximize the power and bring it closest the set-point value.
However, this is done by neglecting the magnitude of unbalance current, as maintaining the power level has the higher
priority. The reduction in unbalance current is evident from comparing Table 5 with 4.

[0131] Described below is a control method for 3-phase, 3-wire furnace load current stabilization and unbalance
minimization using independent control of in-line variable reactances. Current stabilization is defined as controlling the
positive sequence component of the current.
[0132] The following pre-calculation is done while the furnace system is off line and the resulting lookup tables are
stored in the control system memory for reference.

1. Consider a set of desired current set-points Isp.
2. Consider a set of possible system impedances in different configurations (for instance, each change of furnace
transformer tap constitutes a change of system impedance)

Table 4: With unbalance compensation (per phase power barancing)
Ra Rb Rc XvarA Xvar XvarC P Pa Pb Pc I2%

Case Ohms Ohms Ohms Ohms Ohms Ohms MW MW MW MW I1 A I2 A of I1
1 11.5 11.5 11.5 7.3 7.2 7.2 54.0 18.0 18.0 18.0 1251 0 0.0
2 17.1 11.5 11.5 7.0 10.2 3.8 54.0 18.0 18.0 18.0 1161 0 0.0

3 24.5 11.5 11.5 5.6 12.4 0.0 54.0 17.9 18.8 17.3 1074 45 4.2
4 17.1 17.1 11.5 3.2 9.6 6.4 54.0 18.0 18.0 18.0 1088 0 0.0
5 24.5 17.1 11.5 1.8 12.5 0.7 54.0 18.0 18.0 18.0 1009 0 0.0
6 24.5 24.5 11.5 0.0 9.5 1.1 54.0 17.1 17.2 19.8 959 90 9.4
7 17.1 17.1 17.1 5.4 5.5 5.5 54.0 18.0 18.0 18.0 1027 0 0.0

8 24.5 17.1 17.1 2.9 6.9 0.0 54.0 17.8 18.5 17.8 962 25 2.6
9 24.5 24.5 17.1 0.0 0.0 0.0 53.1 16.2 17.3 19.6 902 100 11.1
10 24.5 24.5 24.5 0.0 0.0 0.0 47.5 15.8 15.8 15.8 804 0 0.0

Table 5: Without Unbalance compensation (without per phase power balancing)
Ra Rb Rc XvarA XvarB XvarC P Pa Pb Pc I2% of

Case Ohms Ohms Ohms Ohms Ohms Ohms MW MW MW MW I1 A I2 A I1
1 11.5 11.5 11.5 7.2 7.2 7.2 54.0 18.0 18.0 18.0 1251 0 0

2 17.1 11.5 11.5 7.0 7.0 7.0 53.7 17.4 20.3 16.0 1164 126 10.8
3 24.5 11.5 11.5 6.4 6.4 6.4 52.7 15.7 22.5 14.5 1082 249 23.0
4 17.1 17.1 11.5 6.5 6.5 6.5 53.8 15.7 19.3 18.7 1091 111 10.1
5 24.5 17.1 11.5 5.2 5.2 5.2 53.9 14.6 21.3 17.9 1026 195 19.0
6 24.5 24.5 11.5 3.5 3.5 3.5 53.4 14.1 18.5 20.7 959 194 20.2
7 17.1 17.1 17.1 5.5 5.5 5.5 54.0 18.0 18.0 18.0 1027 0 0.0

8 24.5 17.1 17.1 3.5 3.5 3.5 53.9 16.3 20.1 17.5 966 115 11.9
9 24.5 24.5 17.1 0.0 0.0 0.0 53.1 16.2 17.3 19.6 902 100 11.1
10 24.5 24.5 24.5 0.0 0.0 0.0 47.5 15.8 15.8 15.8 804 0 0.0
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3. Consider the known lower and upper bounds for the variable reactance.
4. Consider the expected range of the furnace load impedance in each phase
5. For each current set-point and system configuration, and each set of load impedances, calculate the values for
Xvar in each phase that meet the conditions below: 

where each Xvar is within the range limited by the upper and lower bounds.
6. If a feasible solution is not found in step 5 to meet the desired current set-point, set all Xvar values to their upper
or lower bound value in order to meet the value closest to the desired current set-point, without regard to the
unbalance value.
7. Record the Xvar values obtained in 5 or 6 in a lookup table.
8. Continue through the set of load impedances until the lookup table is completed.
9. Repeat steps 5-8 for all other desired set-points and system configurations.
10. If the variable reactance is obtained through application of thyristors, instead of, or in addition to, calculating the
Xvar value, the amount of the corresponding thyristor gating angle may be directly calculated and recorded.

[0133] Once the lookup tables are created, the following method is performed during furnace operation:

1. Measure furnace load impedance for each phase through measurement of load current and voltage
2. Obtain the desired current set-point
3. Obtain the information on system configuration
4. Find the appropriate lookup table corresponding to the desired current set-point and system configuration
5. For each load impedance value, read the corresponding amount of Xvar’s from the lookup table. If the measured
load impedance value lies in between in the index values in the lookup table, find the corresponding Xvar value
through interpolation.
6. Set the value of the variable reactors to the calculated value.
7. If the gating angles are stored in the lookup tables instead of Xvar’s, the values read are gating angles directly.
If not, the reactance values are converted to gating angles.

[0134] Table 6 below shows an example of the application of the above method for 10 different cases of load impedance.
The goal is to maintain the current set-point of 1030+/- 5 A and minimize the unbalance current in a furnace load supplied
by a 3-phase 3-wire system operating from a 34.5 kV source. These results can be compared with Table 7, where the
goal did not involve unbalance compensation. In this case, the lower bound on Xvar is 0 and the unbalance current is
equal to I2 (no zero sequence current can flow).
[0135] In cases 1 to 5 and 7 in Table 6, the current set-point can be maintained, while the unbalance is reduced to
almost zero. In cases 6 and 8, the set-point can be maintained, but the unbalance is not zero (although still lower than
the case without compensation). This is because the lower bound is reached in Xvar on at least one of the phases.
[0136] In cases 9 and 10, all Xvar values are set at zero to maximize the current and bring it closest the set-point
value. However, this is done at the expense of neglecting the magnitude of unbalance current, as maintaining the current
level has had the higher priority. As is evident from a comparison of Tables 6 and 7, compensation using the variable
reactors allows for substantially improved current stabilization and unbalance values within the normally acceptable level
of 10%.

Table 6: Current Stabilization and Unbalance Minimization With Compensation
Ra Rb Rc XvarA XvarB XvarC

Case Ohms Ohms Ohms Ohms Ohms Ohms P MW Ia A Ib A Ic A I1 A I2 A I2% of I1
1 11.5 11.5 11.5 11.8 11.8 11.8 36.5 1029 1029 1029 1029 0 0.0
2 17.1 11.5 11.5 10.3 13.5 7.1 42.3 1027 1027 1027 1027 1 0.1

3 22.6 11.5 11.5 8.3 14.7 1.8 48.2 1027 1026 1028 1027 1 0.1
4 17.1 17.1 11.5 5.0 11.4 8.2 48.3 1029 1029 1030 1029 1 0.1
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[0137] Described below is a control method for 3-phase 3-wire furnace load per-phase power stabilization with unequal
power set-points using independent control of in-line variable reactances. If the source voltages are balanced, per-phase
power stabilization with unequal set-points would mean 3-phase power stabilization along with maintaining the unbalance
current at a fixed value.
[0138] The following pre-calculation is done off line and results are stored in the control system memory for reference.

1. Consider a set of desired per-phase power set-points.

2. Consider a set of possible system impedances in different configurations (for instance, each change of furnace
transformer tap constitutes a change of system impedance).

3. Consider the known lower and upper bounds for the variable reactance.

4. Consider the expected range of the furnace load impedance in each phase.

5. For each 3-phase power set-point (the sum of the 3 per-phase power set-points) and system configuration, and
each set of load impedance, calculate the values for Xvar in each phase that meet equation 1 and minimize the
deviation in each phase power to its corresponding power set-point, where each Xvar is within the range limited by
the upper and lower bounds.

6. If a feasible solution is not found in step 5 to meet the desired 3-phase power set-point, set all Xvar values to
their upper or lower bound values in order to meet the value closest to the desired 3-phase power set-point, without
regard to the per-phase power stabilization.

7. Record the Xvar values obtained in 5 or 6 in a lookup table.

8. Continue through the set of load impedances until the lookup table is completed.

9. Repeat steps 5-8 for all other desired set-points and system configurations.

(continued)

Ra Rb Rc XvarA XvarB XvarC
Case Ohms Ohms Ohms Ohms Ohms Ohms P MW Ia A Ib A Ic A I1 A I2 A I2% of I1
5 22.6 17.1 11.5 2.2 11.9 2.2 54.0 1028 1027 1027 1027 1 0.1
6 22.6 22.6 11.5 0.0 7.1 0.6 58.2 1001 963 1125 1027 100 9.7
7 17.1 17.1 17.1 5.3 5.3 5.3 54.4 1031 1031 1031 1031 0 0.0
8 22.6 17.1 17.1 0.4 2.4 0.0 59.5 971 1080 1032 1027 63 6.1

9 22.6 22.6 17.1 0.0 0.0 0.0 55.8 898 925 1032 950 84 8.8
10 22.6 22.6 22.6 0.0 0.0 0.0 51.2 868 868 868 868 0 0.0

Table 7: Without Compensation
Ra Rb Rc XvarA XvarB XvarC I2% of

Case Ohms Ohms Ohms Ohms Ohms Ohms P MW Ia A IbA Ic A I1 A I2 A I1

1 11.5 11.5 11.5 5.5 5.5 5.5 63.0 1352 1352 1352 1352 0 0.0
2 17.1 11.5 11.5 5.5 5.5 5.5 60.2 1120 1362 1230 1233 141 11.4
3 22.6 11.5 11.5 5.5 5.5 5.5 56.9 946 1356 1162 1142 239 20.9
4 17.1 17.1 11.5 5.5 5.5 5.5 57.2 1024 1134 1228 1126 118 10.4
5 22.6 17.1 11.5 5.5 5.5 5.5 54.1 870 1135 1143 1042 173 16.6

6 22.6 22.6 11.5 5.5 5.5 5.5 51.2 829 968 1120 965 170 17.6
7 17.1 17.1 17.1 5.5 5.5 5.5 54.0 1027 1027 1027 1027 0 0.0
8 22.6 17.1 17.1 5.5 5.5 5.5 50.9 876 1021 960 951 84 8.8
9 22.6 22.6 17.1 5.5 5.5 5.5 48.0 823 875 946 880 72 8.2
10 22.6 22.6 22.6 5.5 5.5 5.5 45.1 815 815 815 815 0 0.0
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10. If the variable reactance is obtained through application of thyristors, instead of, or in addition to, calculating the
Xvar value, the amount of the thyristor gating angle can be directly calculated and recorded.

[0139] Once the lookup tables are created, the following method is performed during furnace operation.

1. Measure furnace load impedance for each phase through measurement of load current and voltage.

2. Obtain the desired power set-points for each phase.

3. Obtain the information on system configuration.

4. Find the appropriate lookup table corresponding to the desired per-phase power set-points and system configu-
ration.

5. For each load impedance value read the corresponding amount of Xvar’s from the lookup table. If the measured
load impedance value lies in between the index values in the lookup table, find the corresponding Xvar value through
interpolation.

6. Set the value of the variable reactors to the calculated value.

7. If the gating angles are stored in the lookup tables instead of the Xvar values, the values read are gating angles
directly. If not, the reactance values are converted to gating angles.

[0140] Table 8 below shows an example of the application of the above method for 10 different cases of load impedance.
The goal is to maintain the per-phase power set-points of 18, 18, and 20 MW (56 MW 3-phase) for a furnace load supplied
by a 3-phase 3-wire system. In this case, the lower bound on Xvar is 0.
[0141] In all cases, with the exception of case 10, the 3-phase power set-point is maintained. In all cases, with the
exception of cases 3,8 and 10, the per-phase power set-points are achieved. Note that also for these cases, the negative
sequence current (I2) values all become equal to 67 A. In cases 3 and 8, the per-phase power set-points cannot be
maintained because the lower bound is reached in Xvar on at least one of the phases. In case 10, all Xvar values are
set at zero to maximize the power and bring it closest the set-point value. However, this is done by neglecting meeting
the per phase power set-points, as maintaining the 3-phase power level has the higher priority.

[0142] Described below is a control method for 3-phase 3-wire furnace load per-phase current stabilization with unequal
current set-points using independent control of in-line variable reactances. Current stabilization is defined as controlling
the positive sequence component of the current.
[0143] The following pre-calculation is done off line and the resulting lookup tables are stored in the control system
memory for reference.

1. Consider a set of desired per-phase current set-points IspA, IspB and IspC
2. Consider a set of possible system impedances in different configurations (for instance each change of furnace
transformer tap constitutes a change of system impedance)

Table 8: Per-phase power stabilization with unequal set-points
Ra Rb Rc XvarB XvarC

Case Ohms Ohms Ohms Ohms Ohms Ohms P MW Pa MW Pb MW Pc MW I1 A I2 A
1 12.2 12.2 12.2 8.4 7.9 5.6 56.0 18.0 18.0 20.0 1235 67
2 16.5 12.2 12.2 8.5 10.1 2.8 56.0 18.0 18.0 20.0 1168 67

3 22.1 12.2 12.2 7.7 11.6 0.0 56.0 18.0 18.7 19.3 1100 39
4 16.5 16.5 12.2 5.9 9.3 4.6 56.0 18.0 18.0 20.0 1117 67
5 22.1 16.5 12.2 5.5 11.3 0.5 56.0 18.0 18.0 20.0 1053 67
6 22.1 22.1 12.2 1.0 9.0 2.3 56.0 18.0 18.0 20.0 1005 67
7 16.5 16.5 16.5 7.7 5.5 3.7 56.0 18.0 18.0 20.0 1063 67
8 22.1 16.5 16.5 6.2 6.6 0.0 56.0 18.0 18.4 19.6 1009 49

9 22.1 22.1 16.5 1.3 3.4 0.4 56.0 18.0 18.0 20.0 964 67
10 22.1 22.1 22.1 0.0 0.0 0.0 52.6 17.5 17.5 17.5 890 0
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3. Consider the known lower and upper bounds for the variable reactance.
4. Consider the expected range of the furnace load impedance in each phase
5. For each set of the 3-phase current set-points and system configuration, and each set of load impedance calculate
the values for Xvar in each phase that meet the following equations: 

where each Xvar is within the range limited by the upper and lower bounds.
6. If a feasible solution is not found in step 5 to meet the desired 3-phase current set-points, set all Xvar values to
their upper or lower bound values in order to meet the value closest to the desired 3-phase average current set-
point (IspA + IspB + IspC)/3.
7. Record the Xvar values obtained in 5 or 6 in a lookup table.
8. Continue through the set of load impedances until the lookup table is completed.
9. Repeat steps 5-8 for all other desired set-points and system configurations.
10. If the variable reactance is obtained through application of thyristors, instead of, or in addition to, calculating the
Xvar value, the amount of the thyristor gating angle can be directly calculated and recorded.

[0144] Once the lookup tables are created, the following method is performed during furnace operation:

1. Measure furnace load impedance for each phase through measurement of load current and voltage.

2. Obtain the desired current set-points for each phase.

3. Obtain the information on system configuration.

4. Find the appropriate lookup table corresponding to the desired per-phase current set-points and system config-
uration.

5. For each load impedance value, read the corresponding amount of Xvar value from the lookup table. If the
measured load impedance value lies in between in the index values in the lookup table, find the corresponding Xvar
value through interpolation.

6. Set the value of the variable reactors to the calculated value.

7. If the gating angles are stored in the lookup tables instead of Xvar’s, the values read are gating angles directly.
If not, the reactance values are converted to gating angles.

[0145] Table 9 below shows an example of the application of the above method for 10 different cases of load impedance.
The goal is to maintain the per-phase current set-points of 1065, 1065 and 1172 A for phases A, B and C respectively
for a furnace load supplied by a 3-phase 3-wire system. In this case the lower bound on Xvar is 0.
[0146] In all cases, with the exception of cases 6,8,9,and 10, the per-phase current set-points are achieved. For these
cases, the I2 values all become 72 A and all I1 values become 1099 A. In cases 6 and 8, the per-phase current set-
points cannot be maintained because the lower bound is reached in Xvar on at least one of the phases. However, the
average 3-phase set-point (or positive sequence current) of 1099 A is achieved.
[0147] In cases 9 and 10, all Xvar values are set at zero to maximize the average 3-phase current and bring it closest
the set-point value. However, this is done by neglecting the requirement to meet the per-phase current set-points, as
maintaining the 3-phase current level has the higher priority.

Table 9: Per-phase current stabilization with unequal set-points
Ra Rb Rc XvarA XvarB XvarC 12%

Case Ohms Ohms Ohms Ohms Ohms Ohms P MW Ia A Ib A Ic A I1 A I2 A of I1

1 12.2 12.2 12.2 12.4 9.6 8.4 44.4 1065 1065 1172 1099 72 6.6
2 16.5 12.2 12.2 11.3 10.7 4.9 49.2 1065 1065 1172 1099 72 6.6
3 20.7 12.2 12.2 9.8 11.3 1.1 54.1 1065 1065 1171 1099 72 6.6
4 16.5 16.5 12.2 7.0 8.5 5.7 54.1 1065 1065 1172 1099 72 6.6
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[0148] Referring now to Figures 14 and 15, a generalized version of the above-described control methods is described.
Figure 14 is a flowchart of a method of compensation in a multi-phase electrical furnace. Figure 15 is a flowchart of a
method of generating look-up tables for use in the method of compensation.
[0149] The method of compensation illustrated in Figure 14 is designated by reference numeral 1400 and begins at
step 1405, at which the load impedance is measured for each phase. At step 1410, a set-point for each phase is
determined. The set-point may be a power, current, unbalance or other set-point relevant for the purposes of furnace
stability and control. At step 1415, the control system configuration is determined.
[0150] At step 1420, the central controller 200 uses the measured impedance for each phase, the set-point and system
configuration to look up the appropriate variable reactance values in a look-up table. Accordingly, the variable reactance
values are determined as a function of impedance characteristics on all phases. At step 1425, the variable reactors are
set for each phase to the respective variable reactance value determined from the look-up table at step 1420. Method
1400 is performed by, or under the supervision of, central controller 200 for each furnace 101.
[0151] The method of generating a look-up table illustrated in Figure 15 is designated by reference numeral 1500 and
begins at step 1505, at which a desired set of set-points is determined. At step 1510, a set of possible system configurations
is determined. At step 1515, the upper and lower bounds on the variable reactors is determined. At step 1520, the
expected range of variation in load impedance is determined for each phase.
[0152] At step 1525, the variable reactance value for each phase is calculated for a given set-point, system configuration
and load impedance. At step 1530, central controller 200 checks whether the variable reactance value for each phase
calculated at step 1525 is feasible. If it is not feasible, for example because it is outside the performance limits of the
variable reactor, the variable reactance value is set to its lower or upper bound (limit) value, as appropriate, at step 1535.
If the calculated variable reactance value is feasible, it is recorded in the look-up table at step 1540. Optionally, the
variable reactance value may be used to calculate and record corresponding thyristor gating angles, at step 1545.
[0153] At step 1550, central controller 200 checks whether the variable reactance values have been calculated for all
combinations of parameters determined in steps 1505 to 1520. If not all combinations of parameters have been used
for calculating the variable reactance values, the method returns to step 1525 to perform the remainder of the calculations
and create the necessary look-up tables, as necessary. Method 1500 is performed by central controller 200 while the
furnace system is offline. The look-up tables generated according to method 1500 are then used in compensation method
1400.

Claims

1. A control system (100, 200) for controlling a multi-phase electric furnace (101, 101a, 101b) coupled to a multi-phase
power supply (110), a variable reactor (118, 118a, 118b) coupled between each phase (112, 112a, 112b) of the
multi-phase electric furnace (101, 101a, 101b) and the respective phase of the multi-phase power supply (110), a
monitoring means coupled to each variable reactor for monitoring an operating characteristic of each phase of the
electric furnace and for determining whether the operating characteristic of at least one phase deviates from a
respective set-point, a control means (128, 128a, 128b) coupled to each variable reactor, characterized in that the
control system comprises:

the monitoring means for setting a value of each variable reactor according to the set-point of the phase to
which it is coupled, the control means being configured to set the value of each variable reactor to achieve a
respective set-point based on the operating characteristic of all phases in response to determination by the
monitoring means that the operating characteristic of at least one phase deviates from the respective set-point.

2. The control system claimed in claim 1, wherein the control means has access to a memory containing a lookup

(continued)

Ra Rb Rc XvarA XvarB XvarC 12%
Case Ohms Ohms Ohms Ohms Ohms Ohms P MW Ia A Ib A Ic A I1 A I2 A of I1
5 20.7 16.5 12.2 4.9 8.6 1.4 58.9 1065 1065 1171 1099 72 6.6
6 20.7 20.7 12.2 0.0 4.5 0.2 63.4 1067 1038 1196 1098 100 9.1
7 16.5 16.5 16.5 6.6 2.8 3.2 59.9 1065 1065 1171 1099 72 6.6
8 20.7 16.5 16.5 1.2 0.0 0.0 64.4 1010 1141 1150 1099 89 8.1

9 20.7 20.7 16.5 0.0 0.0 0.0 60.3 977.2 999 1096 1023 74 7.3
10 20.7 20.7 20.7 0.0 0.0 0.0 56.1 949.7 950 950 949.7 0 0.0
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table, and wherein the control means sets the values based on the lookup table.

3. The control system claimed in claim 1, wherein the set-point comprises a power set-point and wherein the operating
characteristic comprises power consumption.

4. The control system claimed in claim 3, wherein the monitoring means determines a difference between the power
set-point for the at least one phase and the power consumption for the at least one phase, and wherein the control
means includes a reactance selection component for selecting an adjusted value based upon the difference.

5. The control system claimed in claim 1, wherein the set-point comprises a current set-point and wherein the operating
characteristic comprises current draw.

6. The control system of claim 1, wherein at least one of the set-points for one of the phases differs from another of
the set-points for another of the phases.

7. The control system of claim 1, wherein the operating characteristic is an impedance characteristic.

8. The control system of claim 1, further comprising a central controller (200) comprising the monitoring means and
the control means.

9. The control system of claim 1, further comprising a variable reactance controller (128) coupled to each variable
reactor for setting the value of the respective variable reactor and a central controller (200) comprising the monitoring
means, the central controller being coupled to each variable reactance controller and controlling each variable
reactance controller.

10. The control system claimed in claim 1, wherein the multi-phase electric furnace is a three-phase electric arc furnace.

11. A method of controlling a multi-phase electric furnace (101, 101 a, 101b), each phase being coupled to a multi-
phase power supply (110) through an associated variable reactor (118, 118a, 118b) and having a set-point, monitoring
an operating characteristic and a value of the variable reactor for each phase; characterized in that the method
comprises:

determining whether the operating characteristic of at least one of the phases deviates from the respective set-
point; and
adjusting the values of the variable reactors of each phase of the multi-phase electric furnace according to the
set-points applied to each phase when it is determined that the operating characteristic of the at least one of
the phases deviates from the respective set-point, where the adjustment is based on the operating characteristics
of all phases.

12. The method claimed in claim 11, wherein the step of adjusting includes accessing a lookup table storing reactance
value and reading the reactance values from the lookup table based on the operating characteristics of all phases.

13. The method claimed in claim 11, wherein the set-point comprises a power set-point and wherein the operating
characteristic comprises power consumption.

14. The method claimed in claim 13, wherein the step of determining includes calculating a difference between the
power set-point for the at least one phase and the power consumption for the at least one phase, and includes
selecting adjusted values based upon the difference.

15. The method claimed in claim 11, wherein the set-point comprises a current set-point and wherein the operating
characteristic comprises current draw.

16. The method claimed in claim 11, wherein at least one of the set-points for one of the phases differs from another
of the set-points for another of the phases.

17. The method of claim 11, wherein the operating characteristic is an impedance characteristic.

18. The method claimed in claim 11, wherein the multi-phase electric furnace is a three-phase electric arc furnace.
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Patentansprüche

1. Regelsystem (100, 200) zum Regeln eines mehrphasigen Elektroofens (101, 101 a, 101 b), der mit einer mehrpha-
sigen Stromversorgung (110) gekoppelt ist, wobei ein variabler Reaktor (118, 118a, 118b) zwischen jeder Phase
(112, 112a, 112b) des mehrphasigen Elektroofens (101, 101 a, 101b) und der jeweiligen Phase der mehrphasigen
Stromversorgung (110) gekoppelt ist, ein Überwachungsmittel zum Überwachen eines Betriebskennwertes jeder
Phase des Elektroofens und zum Ermitteln, ob der Betriebskennwert von wenigstens einer Phase von einem jewei-
ligen Sollwert abweicht, mit jedem variablen Reaktor gekoppelt ist, ein Regelmittel (128, 128a, 128b) mit jedem
variablen Reaktor gekoppelt ist, dadurch gekennzeichnet, dass das Regelsystem Folgendes umfasst:

das Überwachungsmittel zum Einstellen eines Wertes jedes variablen Reaktors gemäß dem Sollwert der Phase,
mit der er gekoppelt ist, wobei das Regelmittel zum Einstellen des Wertes jedes variablen Reaktors zum Erzielen
eines jeweiligen Sollwertes auf der Basis des Betriebskennwertes aller Phasen als Reaktion auf die Ermittlung
durch das Überwachungsmittel konfiguriert ist, dass der Betriebskennwert von wenigstens einer Phase vom
jeweiligen Sollwert abweicht.

2. Regelsystem nach Anspruch 1, wobei das Regelmittel Zugang zu einem eine Lookup-Tabelle enthaltenden Speicher
hat und wobei das Regelmittel die Werte auf der Basis der Lookup-Tabelle einstellt.

3. Regelsystem nach Anspruch 1, wobei der Sollwert einen Leistungssollwert umfasst und wobei der Betriebskennwert
Leistungsaufnahme umfasst.

4. Regelsystem nach Anspruch 3, wobei das Überwachungsmittel eine Differenz zwischen dem Leistungssollwert für
die wenigstens eine Phase und der Leistungsaufnahme für die wenigstens eine Phase ermittelt und wobei das
Regelmittel eine Blindwiderstandsauswahlkomponente zum Auswählen eines justierten Wertes auf der Basis der
Differenz beinhaltet.

5. Regelsystem nach Anspruch 1, wobei der Sollwert einen Stromsollwert umfasst und wobei der Betriebskennwert
Stromaufnahme umfasst.

6. Regelsystem nach Anspruch 1, wobei sich wenigstens einer der Sollwerte für eine der Phasen von einem anderen
der Sollwerte für eine andere der Phasen unterscheidet.

7. Regelsystem nach Anspruch 1, wobei der Betriebskennwert ein Impedanzkennwert ist.

8. Regelsystem nach Anspruch 1, das ferner eine zentrale Steuerung (200) umfasst, die das Überwachungsmittel und
das Regelmittel umfasst.

9. Regelsystem nach Anspruch 1, das ferner einen Variabler-Blindwiderstand-Regler (128), der mit jedem variablen
Reaktor zum Einstellen des Wertes des jeweiligen variablen Reaktors gekoppelt ist, und einen das Überwachungs-
mittel umfassenden Zentralregler (200) umfasst, wobei der Zentralregler mit jedem Variabler-Blindwiderstand-Regler
gekoppelt ist und jeden Variabler-Blindwiderstand-Regler regelt.

10. Regelsystem nach Anspruch 1, wobei der mehrphasige Elektroofen ein dreiphasiger Lichtbogenofen ist.

11. Verfahren zum Regeln eines mehrphasigen Elektroofens (101, 101 a, 101 b), wobei jede Phase mit einer mehrpha-
sigen Stromversorgung (110) durch einen assoziierten variablen Reaktor (118, 118a, 118b) gekoppelt ist und einen
Sollwert hat, Überwachen eines Betriebskennwertes und eines Wertes des variablen Reaktors für jede Phase,
dadurch gekennzeichnet, dass das Verfahren Folgendes beinhaltet:

Ermitteln, ob der Betriebskennwert von wenigstens einer der Phasen von dem jeweiligen Sollwert abweicht; und
Justieren der Werte der variablen Reaktoren jeder Phase des mehrphasigen Elektroofens gemäß den auf jede
Phase angewandten Sollwerten, wenn festgestellt wird, dass der Betriebskennwert der wenigstens einen der
Phasen vom jeweiligen Sollwert abweicht, wobei die Justierung auf den Betriebskennwerten aller Phasen ba-
siert.

12. Verfahren nach Anspruch 11, wobei der Schritt des Justierens das Zugreifen auf eine Blindwiderstandswerte spei-
chernde Lookup-Tabelle und das Lesen der Blindwiderstandswerte aus der Lookup-Tabelle auf der Basis der Be-
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triebskennwerte aller Phasen beinhaltet.

13. Verfahren nach Anspruch 11, wobei der Sollwert einen Leistungssollwert umfasst und wobei der Betriebskennwert
Leistungsaufnahme umfasst.

14. Verfahren nach Anspruch 13, wobei der Schritt des Ermittelns das Berechnen einer Differenz zwischen dem Leis-
tungssollwert für die wenigstens eine Phase und der
Leistungsaufnahme für die wenigstens eine Phase beinhaltet und das Auswählen von justierten Werten auf der
Basis der Differenz beinhaltet.

15. Verfahren nach Anspruch 11, wobei der Sollwert einen Stromsollwert umfasst und wobei der Betriebskennwert
Stromaufnahme umfasst.

16. Verfahren nach Anspruch 11, wobei sich wenigstens einer der Sollwerte für eine der Phasen von einem anderen
der Sollwerte für eine andere der Phasen unterscheidet.

17. Verfahren nach Anspruch 11, wobei der Betriebskennwert ein Impedanzkennwert ist.

18. Verfahren nach Anspruch 11, wobei der mehrphasige Elektroofen ein dreiphasiger Lichtbogenofen ist.

Revendications

1. Système de commande (100, 200) pour commander un four électrique multiphase (101, 101 a, 101b) couplé à une
alimentation électrique multiphase (110), un réacteur variable (118, 118a, 118b) couplé entre chaque phase (112,
112a, 112b) du four électrique multiphase (101, 101a, 101b) et la phase respective de l’alimentation électrique
multiphase (110), un moyen de surveillance couplé à chaque réacteur variable pour surveiller une caractéristique
de fonctionnement de chaque phase du four électrique et pour déterminer si la caractéristique de fonctionnement
d’au moins une phase s’écarte d’un point de réglage respectif, un moyen de commande (128, 128a, 128b) couplé
à chaque réacteur variable, caractérisé en ce que le système de commande comprend :

le moyen de surveillance pour régler une valeur de chaque réacteur variable selon le point de réglage de la
phase à laquelle il est couplé, le moyen de commande étant configuré pour régler la valeur de chaque réacteur
variable afin d’atteindre un point de réglage respectif basé sur la caractéristique de fonctionnement de toutes
les phases en réponse à la détermination par le moyen de surveillance que la caractéristique de fonctionnement
d’au moins une phase s’écarte du point de réglage respectif.

2. Système de commande revendiqué dans la revendication 1, où le moyen de commande a accès à une mémoire
contenant une table de conversion, et où le moyen de commande règle les valeurs sur la base de la table de
conversion.

3. Système de commande revendiqué dans la revendication 1, où le point de réglage comprend un point de réglage
de puissance et où la caractéristique de fonctionnement comprend une consommation de puissance.

4. Système de commande revendiqué dans la revendication 3, où le moyen de surveillance détermine une différence
entre le point de réglage de puissance au moins pour une phase et la consommation de puissance au moins pour
une phase, et où le moyen de commande inclut un composant de sélection de réactance pour sélectionner une
valeur ajustée sur la base de la différence.

5. Système de commande revendiqué dans la revendication 1, où le point de réglage comprend un point de réglage
de courant et où la caractéristique de fonctionnement comprend un appel de courant.

6. Système de commande de la revendication 1, où au moins un des points de réglage pour une des phases diffère
d’un autre des points de réglage pour une autre des phases.

7. Système de commande de la revendication 1, où la caractéristique de fonctionnement est une caractéristique
d’impédance.
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8. Système de commande de la revendication 1, comprenant en outre un contrôleur central (200) comprenant le moyen
de surveillance et le moyen de commande.

9. Système de commande de la revendication 1, comprenant en outre un contrôleur de réactance variable (128) couplé
à chaque réacteur variable pour régler la valeur du réacteur variable respectif et un contrôleur central (200) com-
prenant le moyen de surveillance, le contrôleur central étant couplé à chaque contrôleur de réactance variable et
commandant chaque contrôleur de réactance variable.

10. Système de commande revendiqué dans la revendication 1, où le four électrique multiphase est un four à arc
électrique triphasé.

11. Procédé pour commander un four électrique multiphase (101, 101 a, 101 b), chaque phase étant couplée à une
alimentation électrique multiphase (110) par le biais d’un réacteur variable associé (118, 118a, 118b) et ayant un
point de réglage, surveiller une caractéristique de fonctionnement et une valeur du réacteur variable pour chaque
phase ; caractérisé en ce que le procédé consiste en outre à :

déterminer si la caractéristique de fonctionnement de au moins l’une des phases s’écarte du point de réglage
respectif ; et
ajuster les valeurs des réacteurs variables de chaque phase du four électrique multiphase selon les points de
réglage appliqués à chaque phase lorsque l’on détermine que la caractéristique de fonctionnement de au moins
une des phases s’écarte du point de réglage respectif, où l’ajustement est basé sur les caractéristiques de
fonctionnement de toutes les phases.

12. Procédé revendiqué dans la revendication 11, où l’étape d’ajustement inclut l’accès à une table de conversion
stockant des valeurs de réactance et la lecture des valeurs de réactance à partir de la table de conversion sur la
base des caractéristiques de fonctionnement de toutes les phases.

13. Procédé revendiqué dans la revendication 11, où le point de réglage comprend un point de réglage de puissance
et où la caractéristique de fonctionnement comprend une consommation de puissance.

14. Procédé revendiqué dans la revendication 13, où l’étape de détermination inclut le calcul d’une différence entre le
point de réglage de puissance au moins pour une phase et la consommation de puissance au moins pour une
phase, et inclut la sélection de valeurs ajustées sur la base de la différence.

15. Procédé revendiqué dans la revendication 11, où le point de réglage comprend un point de réglage de courant et
où la caractéristique de fonctionnement comprend un appel de courant.

16. Procédé revendiqué dans la revendication 11, où au moins un des points de réglage pour une des phases diffère
d’un autre des points de réglage pour une autre des phases.

17. Procédé de la revendication 11, où la caractéristique de fonctionnement est une caractéristique d’impédance.

18. Procédé revendiqué dans la revendication 11, où le four électrique multiphase est un four à arc électrique triphasé.
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